Stretchable conductor research has expanded significantly due to interest in mechanically deformable circuitry for use in flexible electronics. Such materials have applications in stretchable displays,^[@ref1]^ solar cells,^[@ref2]^ field effect transistors,^[@ref3]^ radio frequency antennas,^[@ref4]^ strain and tactility sensors,^[@ref5]−[@ref8]^ and epidermal electronics.^[@ref9]−[@ref13]^ Current approaches use assemblies of conductive and elastomeric components to produce materials that maintain electrical properties under strain. However, the mechanical properties of the conductive component often cause a decrease in elasticity when composites reach high electrical conductivities.^[@ref14]^

Stretchable conductors have been demonstrated using networks of nanowires or nanotubes backfilled with elastomers,^[@ref15]−[@ref18]^ polymer nanoparticle composites,^[@ref19],[@ref20]^ liquid metal filled elastomeric channels,^[@ref4],[@ref21]−[@ref23]^ conductive networks on prestrained or buckled substrates,^[@ref24],[@ref25]^ and metallic fractal or microwire patterns on polymer substrates.^[@ref9],[@ref26]^ Metallic nanowire and carbon nanotube based materials have shown mechanical and electrical robustness under cyclic deformation.^[@ref16],[@ref17]^ However, when these systems reach high conductivities there is a significant reduction in maximum tensile strain due to increased rigid filler content.^[@ref17],[@ref27]^ Polymer nanoparticle composites have demonstrated enhanced mechanical elasticity and high conductivity, but require higher filler content when compared to nanowire and nanotube based materials with similar conductivities.^[@ref19]^ Elastomers containing channels of liquid metal compromise overall material strength due to the inherent mechanically poor nature of the conductive component. Metallic patterns are able to maintain the bulk electrical properties of the conductive component under strain with limitations for the ultimate achievable strain values originating from the pattern geometry.^[@ref9]^

Another important consideration in the development of elastic conductors is the ease of fabrication and deposition of the material onto nonplanar substrates. This is particularly important for applications such as epidermal electronics^[@ref9]^ and smart textiles.^[@ref28]^ Current methodologies utilize complex lithographical methods,^[@ref29]−[@ref32]^ printing,^[@ref33]−[@ref35]^ or spray techniques^[@ref6]^ and require transfer from a planar fabrication substrate to a nonplanar substrate of interest. These methods have been utilized to transfer flexible electronic devices onto a variety of contoured substrates such as concave,^[@ref29]^ convex,^[@ref36],[@ref37]^ and other curved surfaces.^[@ref11],[@ref32]^ The deformation that occurs when a planar elastic conductor is placed conformally onto a nonplanar substrate leads to degradation of the material's electrical properties.^[@ref37]^ To our knowledge, direct deposition of stretchable conductors on nonplanar substrates has not yet been demonstrated.

Here we report a method to fabricate highly conductive elastic composites with electrical properties that vary minimally under high levels of strain. This fabrication process allows for conformal deposition on nonplanar substrates utilizing a combination of solution blow spinning^[@ref38]^ and spray coating or printing. The deposition process is direct and does not require transfer from a separate substrate. The resulting stretchable conductor consists of an elastomeric fiber mat silver nanoparticle composite. Initially, a fiber mat is blow spun from a solution of poly(styrene-*block*-isoprene-*block*-styrene) (SIS) block copolymer in tetrahydrofuran (THF) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). To establish conductivity, a silver precursor solution is applied to a prespun mat and is nucleated into a network of silver nanoparticles, forming conductive pathways. The resulting composite achieves a conductivity of 2000 ± 200 S/cm at zero applied strain, with only a 12% increase in resistance after 400 cycles at 150% strain. These stable electrical properties are attributed to conductive pathways maintained through silver nanoparticle stabilized fiber-to-fiber contacts and strain induced structural changes. We have also demonstrated the ability to tune the strain dependence of the electrical properties by adjusting nanoparticle precursor concentration or localized nanoparticle nucleation. The versatility of this approach was demonstrated by constructing a stretchable light emitting diode (LED) circuit and a strain sensor on planar and nonplanar substrates.

![(a) Schematic illustration of poly(styrene-*block*-isoprene-*block*-styrene) (SIS) block copolymer solution blow spun fiber network fabrication and images of the as-spun fiber network, fiber mat swollen with silver nanoparticle precursor solution, and conductive polymer nanoparticle composite after nanoparticle nucleation. (b) Image of the direct deposition of SIS fibers onto a gloved hand (solution blow spinning nozzle in use-inset).](nn-2014-05306h_0002){#fig1}

Results and Discussion {#sec2}
======================

The process of block copolymer nanoparticle composite fabrication consists of elastomeric fiber mat deposition, introduction of silver nanoparticle precursor, and nanoparticle nucleation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Solution blow spinning was used to generate nonwoven block copolymer fiber mats, allowing for rapid deposition on nonplanar substrates ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).^[@ref38]−[@ref40]^ This technique requires only a simple apparatus, high-pressure gas source, and a concentrated polymer solution in a volatile solvent.^[@ref38]^ Analogous to other solution-processed spinning techniques, fiber generation is achieved above a critical solution concentration, corresponding to polymer chain overlap.^[@ref41]^ An elastomeric block copolymer was utilized because the presence of the rigid block, in this case polystyrene, allows the material to remain structurally stable without cross-linking. Upon the introduction of the silver nanoparticle precursor solution, fiber mats swell and become translucent. This is indicative of a preferable interaction between nanoparticle precursor and polymer, as swelling does not take place when solvent alone is introduced. This affinity is explained by the specific interactions of transition metal ions with unsaturated hydrocarbons, such as the double bonds on isoprene, that form weak charge-transfer complexes.^[@ref42]^ Finally, nanoparticles are nucleated through reduction of the silver ions associated with isoprene creating a conductive composite.

Microstructure characterization by scanning electron microscopy (SEM) revealed that a fiber network structure was achieved for SIS/THF solutions with a concentration of 20% (wt/vol) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The average diameter of elastomeric fibers after spinning was 1.66 ± 0.70 μm as measured by SEM. This network structure, consisting of high aspect ratio cylindrical fibers, facilitates homogeneous nanoparticle distribution. The fiber mats were swollen in silver nanoparticle precursor solution containing various concentrations of silver trifluoroacetate (STFA) in ethanol. Through this process the fiber diameter increased to an average of 3.28 ± 1.51 μm and fiber-to-fiber contact was enhanced by the formation of additional fiber junctions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Hydrazine hydrate solution was then used to reduce the silver ions in the precursor-swollen mats, forming silver nanoparticles with an average diameter of 37.6 ± 14.2 nm as measured by transmission electron microscopy (TEM) (Figure S1, [Supporting Information](#notes-3){ref-type="notes"}). Individual fiber diameter decreased in comparison to the swollen state and bound fiber-to-fiber connections were stabilized with nanoparticles subsequent to their nucleation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). TEM of the silver nanoparticle polymer fiber composite cross-section revealed that nanoparticles populate the outer surface of fibers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). Styrene content also had a major effect on composite morphology. A fiber mat fabricated with 14 wt % styrene SIS irreversibly lost fiber morphology during precursor swelling and nanoparticle nucleation (Figure S2, [Supporting Information](#notes-3){ref-type="notes"}).

![(a) SEM images of SIS blow spun fiber network, (b) swollen with silver precursor solution, (c) conductive composite decorated with silver nanoparticles, (d) cross-section TEM image of conductive block copolymer nanoparticle composite fibers.](nn-2014-05306h_0003){#fig2}

The nanoparticle precursor solution concentration effect on conductivity was assessed by measuring bulk conductivity of the polymer nanoparticle composites ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Maximum conductivity values (∼2000 S/cm) were achieved with a precursor concentration range between 25% and 35% (wt/vol). Fabrication of composites with 30% and 35% (wt/vol) STFA solutions led to increased variability in conductivity, 2000 ± 300 S/cm and 1700 ± 400 S/cm, respectively. This variability can be attributed to trapped nitrogen gas formed during the nucleation reaction that creates voids and results in fiber mat delamination and structural heterogeneity. This was further reflected in elastic recovery experiments, where these materials yielded before completing cycling up to 150% strain (Figure S3, [Supporting Information](#notes-3){ref-type="notes"}). Materials fabricated with 25% (wt/vol) and lower STFA solutions all survived cycling to 150% strain with no significant difference between the elastic recovery of conductors fabricated with 25% (wt/vol) STFA solution and SIS fiber mats (Figure S3, [Supporting Information](#notes-3){ref-type="notes"}). Electrical properties under cyclic strain were characterized for conductive composites. Precursor concentration markedly influenced electromechanical behavior. The normalized resistance (*R*/*R*~0~) values of polymer nanoparticle composites fabricated with 10% (wt/vol) STFA solutions reach 1.85 at 150% strain with appreciable hysteresis beginning at 40% strain ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). When STFA concentration is increased to 25% (wt/vol) normalized resistance at 150% strain decreases to 1.06 with a significant reduction in hysteresis after a single cycle ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This stable electrical behavior under strain was additionally observed by a minimal resistance increase after 400 cycles of 100% (R/R~0~ = 1.06) and 150% strain (R/R~0~ = 1.12) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d). Stretchable conductors with similar and higher bulk conductivity have not achieved comparable stability of electrical properties under mechanical deformation ((σ~0~/σ = 4.0, σ~0~ = 1670 S/cm, 150% strain),^[@ref43]^ (σ~0~/σ = 4.6, σ~0~ = 11000 S/cm, 110% strain),^[@ref19]^ (σ~0~/σ = 8.9, σ~0~ = 5400 S/cm, 140% strain)^[@ref20]^). Additionally, the resistance of the conductive composites at 0% strain remains unchanged with repetitive deformation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). This indicates that changes in electrical properties are recoverable when undergoing strain cycling up to 150% strain. In order to evaluate the influence of the fiber network on the electromechanical properties, conductive SIS films were fabricated *via* drop casting, swollen with silver precursor, and nucleated. The electrical conductivity of these films is lost before reaching 55% strain, which is prior to mechanical failure of the film (Figure S4, [Supporting Information](#notes-3){ref-type="notes"}).

![(a) Average electrical conductivity of stretchable conductors as a function of STFA concentration. (b) Normalized resistance values as a function of uniaxial tensile strain for various STFA concentrations. (c, d) Normalized resistance values as a function of uniaxial tensile strain and cycle number.](nn-2014-05306h_0004){#fig3}

We believe the electromechanical characteristics of the elastomeric fiber based conductors are primarily the result of structural changes during mechanical deformation. To investigate this influence, energy dissipation was calculated from the area of the hysteresis loops of cyclic stress/strain curves for both SIS fiber mats and conductive composites ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and Figure S5, [Supporting Information](#notes-3){ref-type="notes"}). This analysis revealed the presence of three distinct regions corresponding to strain induced structural changes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,d). These regions were determined using linear correlations relating energy dissipation to strain. Changes in slope are indicative of a structural transition. In SIS fiber mats, increasing strain led to an increase in slope after each transition. At strain levels below 25%, minor structural changes occur in which fibers rearrange. Bound fiber connections break when strain values increase to greater than 25%. These connections are known to contribute significantly to the mechanical strength of elastomeric fiber mats.^[@ref44],[@ref45]^ As strain values continue to increase to above 100% strain, individual fibers begin to deform. Different strain dependent mechanical properties are evident in the conductive composites. In contrast to the pure SIS fiber mats, large changes in dissipative losses occur at strains below 50%. These large changes possibly stem from breakage of silver nanoparticle reinforced fiber junctions. At strain values beyond 50%, diminishing influence of these reinforced junctions allow fibers to rearrange. Fiber rearrangement results in less drastic changes in energy dissipation for strain values between 50 and 100%. At strains values above 100%, individual fibers deform and silver nanoparticle coverage becomes discontinuous. This results in an increased rate of dissipative loss at high strain values.

![(a) Stress/strain cycling curves and (b) average energy dissipation values and corresponding linear fits for pure SIS fiber mats. (c) Stress/strain cycling curves and (d) average energy dissipation values and corresponding linear fits for elastic conductors fabricated with 25% (wt/vol) STFA solutions. Linear correlations relating energy dissipation to strain describe different regions of strain induced structural changes (blue, red, and green lines).](nn-2014-05306h_0005){#fig4}

The described structural changes were confirmed by imaging conductive composites at region-specific strain values of 0%, 50%, 100%, and 150% ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). At 50% strain, there are no discernible changes in structure except for breakage at silver nanoparticle reinforced fiber junctions ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, inset). As strain is increased to 100% fibers are able to rearrange in the direction of applied strain ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). At strain values exceeding 100%, fibers elongate and the silver nanoparticle coating becomes intermittent ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d).

![SEM images of conductive composites fabricated using 25% (wt/vol) STFA solutions under (a) 0% strain, (b) 50% strain, (c) 100% strain, and (d) 150% strain. Higher magnification SEM images of individual fibers for respective conductive composites under different strain values are provided in the inset.](nn-2014-05306h_0006){#fig5}

Structural and mechanical analysis of the conductive composites is in agreement with the previously described electromechanical properties. The onset of hysteresis in electrical properties during initial mechanical deformation is concurrent with structural changes originating from fiber rearrangement ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c). Structural rearrangement in the direction of applied strain has been previously shown to cause electrical hysteresis in conductive elastomer nanocomposites due to anisotropic network deformation that leads to a decrease in conductive component connectivity.^[@ref46]^ While undergoing cyclic strain testing to 150%, strain dependence of electrical properties increases up to the 300th cycle as fibers irreversibly deform. After the 300th cycle, electrical properties stabilize due to the previously incurred plastic deformation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). This is also reflected in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, where normalized resistance values for the conductive composite increase as a function of cycle number until reaching the 300th cycle of 150% strain. Fibers do not irreversibly deform If only cycled to 100% strain. Fiber rearrangement causes initial increases in normalized resistance values, resulting in electrical property stabilization after the 50th cycle ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). When strained beyond 150%, electrical properties rapidly deteriorate, reaching a normalized resistance value of 81.1 at mechanical failure (∼400% strain, Figure S6, [Supporting Information](#notes-3){ref-type="notes"}).

Using the described approach for depositing and patterning elastic conductors on nonplanar surfaces requires three separate deposition steps and compatibility considerations. The solution blow spun elastomeric fibers must first adhere to the substrate of interest. SIS and other styrene block copolymers, in combination with other additives, have been investigated and used as adhesives.^[@ref47],[@ref48]^ The physically anchored block copolymer structure combines low elastic modulus (isoprene block) and creep resistance (styrene block) imparting inherent adhesiveness to SIS.^[@ref47],[@ref49]^ Solution blow spun SIS fiber mats adhered to a variety of substrates, including glass, metal mesh, silicon wafer, polystyrene, and aluminum foil. The second major consideration regarding direct deposition and patterning through spray coating or printing is solvent and chemical compatibility. Ethanol-sensitive substrates, such as polymers containing hydroxyethyl methacrylate or vinylpyridine, could deform during nanoparticle precursor application. During nucleation, hydrazine reactive substrates, such as polyesters, could be damaged through aminolysis.^[@ref50]^

A proof of concept device utilizing this approach was demonstrated by depositing and patterning strain sensors. An elastomeric fiber mat was first solution blow spun directly on a nitrile glove ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). A solution pen (Paasche F--I/32) with adjustable flow rate was then used to deposit a line of precursor solution (25% (wt/vol)) along each finger. The patterned lines were then nucleated into silver nanoparticles, thereby forming stretchable conductive lines corresponding to each finger. Resistance of each conductive line was measured while performing multiple hand gestures, where normalized resistance values corresponded to individual finger movements ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). Glove strain sensors have also been shown previously using other materials.^[@ref23],[@ref46]^ The strain dependence of electrical properties was evaluated separately to identify the difference between patterned stretchable conductors and bulk stretchable conductors (Figure S6, [Supporting Information](#notes-3){ref-type="notes"}). This revealed that electrical properties resulting from localized nanoparticle nucleation have higher strain dependence as compared to bulk stretchable conductors, allowing for utilization as a strain sensor for relatively low strain conditions (ε \< 50%).

![(a) Images of hand gestures performed wearing a nitrile glove coated with elastomeric fiber mat and patterned with conductive lines. Normalized resistance values for conductive lines patterned on each finger numbered from 1 to 5. (b) Images of LED circuit operating under various strain conditions (c) SEM image of parallel conductive lines patterned using spray coating.](nn-2014-05306h_0007){#fig6}

A basic circuit consisting of 2 LEDs connected with a stretchable conductor prepared using 25% (wt/vol) STFA solution was also constructed ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). The illumination of both LEDs remained stable while the conductive composite was stretched up to 150% strain ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). Patternability and processability on planar substrates was demonstrated with spray techniques. A planar substrate with minimal surface roughness, such as a silicon wafer, allows for the use of a shadow mask. Utilizing this approach, a stretchable fiber mat on top of a silicon wafer was patterned with conductive parallel lines by applying precursor solution (25% (wt/vol) STFA) with a bottom feed airbrush through a shadow mask. Silver nanoparticles were then nucleated to form defined lines with a thickness of 300 μm and a conductivity of 1300 S/cm ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c).

Conclusions {#sec3}
===========

We have developed a method to deposit conformal stretchable conductive fiber mats using solution blow spinning and metallic nanoparticle nucleation on nonplanar substrates. The stretchable fiber mats were able to combine electrical conductivity values as high as 2000 S/cm with R/R~0~ values as low as 1.12 after 400 cycles of 150% strain. The stable electrical properties of these stretchable conductors potentially stem from conductive pathways maintained through silver nanoparticle stabilized fiber-to-fiber contacts and strain induced structural changes. Additionally, the strain dependence of the electrical properties was tuned via localized nanoparticle nucleation or reduction in precursor concentration. Control of electromechanical properties allows for materials to be tailored for specific applications. To demonstrate the utility of this method we employed stretchable conductors in simple devices including strain sensors on nitrile gloves and stretchable electrodes connecting LEDs.

Methods {#sec4}
=======

Stretchable Conductor Fabrication {#sec4.1}
---------------------------------

Solutions of poly(styrene-*block*-isoprene-*block*-styrene) (SIS) (Sigma-Aldrich, 22 wt % styrene content) and tetrahydrofuran (THF) (Fisher Scientific, 99.9%) were prepared and fed with a constant feed rate (10 mL/h) through the nozzle of the solution blow spinning setup constructed from a transfer pipet and a flat tipped 18G needle connected to a syringe pump and compressed air line ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The air pressure was kept constant during the blow spinning process at 50 psi. Elastomeric fibers were accumulated on a metal mesh. The resulting polymer fiber construct was lifted from the metal mesh and immersed in a previously prepared organometallic solution consisting of silver trifluoroacetate (STFA) (Sigma-Aldrich, 98%) and ethanol (Pharmco-Aaper, 99%) for 30 min, then dried in a vacuum desiccator. Silver nanoparticle nucleation was initiated *via* dropwise addition of reducing solution consisting of hydrazine hydrate (50% (v/v)) (Sigma-Aldrich, 50%--60%), deionized water (25% (v/v)) and ethanol (25% (v/v)). The resultant conductive fiber composite was washed thoroughly with water to eliminate any unbound nanoparticles and dried overnight under vacuum.

Characterization {#sec4.2}
----------------

Scanning electron microscopy (SEM) (Hitachi SU-70) and Transmission Electron Microscopy (TEM) (JEOL 2100F) were used to characterize the microstructure of the block copolymer nanoparticle composites. The TEM sample used for cross-section analysis was prepared using a microtome (Leica EM UC-6). Fiber diameter is reported as an average of 50 measurements taken from three SEM images. Nanoparticle diameter is reported as an average of 150 measurements taken from three TEM images. A dynamic mechanical analyzer (TA Instruments Q800) and an Instron tensile tester (model 3345) were used to characterize the mechanical properties of the stretchable conductors. Energy dissipation was calculated from the area of the hysteresis loops of cyclic stress/strain curves for both SIS fiber mats and conductive composites (*n* = 3, error bars represent standard deviation). The electrical conductivity of the stretchable conductor samples were measured using a custom built automated 4-point probe measurement system connected to a Keithey 2400 Sourcemeter (n=5, error bars represent standard deviation). The normalized resistance measurements under mechanical strain were performed using a high precision optical stage and an Ohmmeter (Amprobe 33XR-A).

Device Fabrication and Patterning {#sec4.3}
---------------------------------

Strain sensors were fabricated *via* fiber mat deposition on a nitrile glove and subsequent nanoparticle nucleation. Once the glove was completely covered with elastomeric fibers, lines were drawn on each finger using a flow-pen (Paasche F-I/32) filled with STFA solution (25% (wt/vol)). The conductive lines were formed after hydrazine hydrate solution was applied dropwise onto the STFA patterned lines. The strain sensing measurements were performed using an Ohmmeter (Amprobe 33XR-A) attached to the conductive lines on the glove with alligator clips. The conductive composite connecting the LEDs was stretched using a precision optical stage, while being powered with a DC source (Hewlett-Packard E3630A) with constant voltage (5 V). The parallel lines were patterned on planar elastomeric fiber mats by spray coating 25% (wt/vol) STFA solution with a bottom feed airbrush (40 psi air pressure, 20 mL/h solution feed) through a micromachined shadow mask and subsequently nucleated by spray coating hydrazine hydrate solution. The patterned stretchable conductor was washed with water and dried under vacuum overnight prior to characterization.
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